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FOREWORD 

This report describes the results of an investigation of 
aerodynamic noise in low supersonic operation of an axial floy/ 
compressor conducted by Pratt & Whitney Aircraft in accord- 
ance with National Aeronautics and Space Administration Con- 
tract NASW-2249 during the period 1 September 1971 through 
5 March 1972. 
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l SUMMARY 


A study of compressor noise is presented, based upon supersonic, part-speed operation of a 
high hub/tip ratio compressor designed for spanwise uniformity of aerodynamic conditions, 
having straight cylindrical injet and exit passages for acoustic simplicity. Acoustic spectra 
taken in the acoustically-treg ted inlet plenum, are presented for five operating points at each 
of two speeds, corresponding to relative rotor tip Mach numbers of about 1.01 and 1.12 (60 
and 67 percent design speed). These spectra are analyzed for low and high frequency broad- 
band noise, blade passage frequency noise, combination tone noise and “haystack” noise (a 
very broad peak somewhat below blade passage frequency, which is occasionally observed in 
engines and fan test rigs). These types of noise are related to diffusion factor, total pressure 
ratio, and relative rotor tip Mach number, Auxiliary measurements of fluctuating wall static 
pressures and schlieren photographs of upstream shocks in the inlet are also presented and 
related to the acoustic and performance data. 
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II. INTRODUCTION 


Basic aerodynamic performance and noise measurements were made in a single-stage research 
compressor designed for spanwise uniformity of flow conditions, to try to distinguish experi- 
mentally the relative contributions of various aerodynamic noise sources, which are character- 
istic of axial flow compressors in low supersonic operation. This study derives from a recently 
completed investigation under Contract NASW-1908, Reference I, In which the generation of 
broadband noise by shock/turbulence interaction and the effect of stalled blade aerodynamics 
on noise production (broadband or otherwise) were treated, 

The low hub/tip ratios of normal fans result in a wide spanwise range of aerodynamic conditions 
which greatly adds to the difficulty of exploring specific noise generating mechanisms. This 
spanwise range also causes undesirable complication of the acoustic properties of the annular 
inlet passage. The high hub/tip ratio (0.88) of the special compressor design which formed 
the basis for this program reduces this complication by providing greater spanwise uniformity , 
The initial phase of the rig testing program was utilized for those portions of a general noise 
evaluation which could be adequately accomplished at lower speeds than those provided by 
the ultimate design capability. 

For this initial exploratory program, inlet plenum microphones and standard aerodynamic 
performance instrumentation were employed. In addition to the contracted program, studies 
were made using unsteady pressure fluctuation sensors and schlieren optics upstream of the 
rotor during the general shakedown run of the test compressor. Where applicable, the results 
of these studies are presented and used in the interpretation of the contracted data. 
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III APPARATUS AND PROCEDURES 
A. TEST COMPRESSOR 

The high hub/tip ratio test vehicle was designed to provide a simplified test geometry for 
the study of aerodynamic and aeroacoustie phenomena significant in the performance of ad- 
vanced fans and compressors designed for high, supersonic tip speeds. The aerodynamic de- 
sign parameters listed in Table I reflect this intention, and the rig geometry was chosen to 
provide as nearly as possible a spanwise uniformity of flow conditions. For the present con- 
tract, the test vehicle was run at 60 and 67 percent speed to give noise data in the low super- 
sonic regime. 


TABLE I 

DESIGN SUMMARY FOR TEST COMPRESSOR 


Stage Total Pressure Ratio 

P TS 

= 1.537 

Stage Adiabatic Efficiency 

n s 

* 84.7% 

Rotor Total Pressure Ratio 

P TR 

= 1.55 

Rotor Adiabatic Efficiency 

% 

-86,5% , 

Rotor Tip Relative Mach Number 

M TR 

= 1.75 

Corrected Tip Speed 

u t a/& 

= 550 meters/sec (1800 fps) 

Corrected Flow 

w 

= 1 5 kg/sec (33 lbs/sec) 

Specific Row 

W/A 

= 205 kg/m^-sec (42.0 
Ibs/ft^-sec) 

Hub-Tip Ratio 

0.88 


No. of Rotor Blades (MCA) 

102 


No. of Stator Vanes (Mod. N AC A 65 Series) 

130 


Rotor Aspect Ratio 

1.25 


Rotor/Stator Axial Separation 

..." 

2 rotor 

chord lengths 

Rotor Blade Thickness/Chord Ratio 

0.06 at base, 0.02 at tip 

Rotor Chord 

0.030 meters ( 1 .20 inches) 

Nominal Diameter of Flow Passage 

0.656 meters (25.8 inches) 
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As shown in Figure 1 , the flow passage has a constant annular cross-section which converges 
only slightly at the rotor. The advantages expected from this design configuration are as 
follows: 

1 , Any aeroacoustie mechanism will experience nearly identical flow conditions 
over the entire span of the passage, 


2, The constant-area, cylindrical passages provide a simplified geometry amenable 
to analysis by available acoustic theories for propagation in ducts, 

3, The use of schlieren optics, which average the refractive effects of flow density 
gradients over the span of the passage, is facilitated. 


OPTICAL PORTS 



Figure I Design Configuration of Test Compressor 

As shown in Figure 1 , optical ports are provided upstream of the rotor and over the stator 
with mirrors on the inner body so that schlieren photographs caii be made of the shock sys- 
tem within the inlet passage and of the flow phenomena at the stator, The air is provided 
from an inlet plenum having an acoustically-absorbent lining, in which an array of micro- 
phones measures noise levels considered equivalent to the acoustic far-field . ; 

The stator vanes may be placed at either of two axial stations, two and four chord lengths 
downstream of the rotor, The two-chord position was selected for the present test, The 
rig can also be modified to accept a half-chord spacing between rotor and stator. Provisions 
have been made for boundary layer removal by means of a bleed on the outer wall, upstream 
of the optical port. This bleed was not operative during the present program. 



B. INSTRUMENTATION AND CALIBRATION 


The instrumentation used to obtain performance is shown in Figures 2 and 3. Radial distri- 
bution of pressure was measured at station 4 by two traversing cobra probes* The O.D. wall 
static pressure was measured at stations 6, 9, 9.5 and 12. Downstream of the stator (station 
12), two 8-element wake rakes measured total pressure. At this axial location, total tempera- 
ture was measured by an 1 1 -element wake rake, divided such that 6 elements were at tt/ 3 
radians (60°) from the vertical and 5 elements were at 4.73 radians (271°). All traversing 
probe measurements were made at 9 radial locations defined by streamlines which pass 
through the station at the 5, 10, 1 5, 30, 50, 70. 85, 90, and 95 percent span locations. 

' • :5 t « 

Transducers were used to measure steady pressures on ail probes and static pressure taps, and 
the results were recorded in millivolts by an automatic data-acquisition system. The pres- 
sures measured with this system were accurate to within 0 GQ304 meters Hg (0,012 in Hg). 
Total pressure probes were calibrated to obtain recovery as a function of Mach number. 

Temperatures were measured with Chromel-Aiumel type K thermocouples, and data were 
recorded in millivolts by the automatic data-acquisition system. All temperature-sensing ele- 
ments and the lead wires were calibrated over their full operating temperature range. The 
temperature probes were calibrated to obtain recovery as a function, of Mach number. 

Forward radiated rotor noise was measured in the inlet plenum by means of five 0.003 18 meter 
(one-eighth inch) diameter condenser microphones, Bruel & ICjaer-type 4!38, The micro- 
phones were positioned inside the inlet plenum chamber along an arc of 0,914 meters (three- 
foot) radius. Five microphones were located at 0, ?r/l2, tt/6, 04 and it/ 3 radians from the 
rig centerline and one microphone was traversed between 0 and ir/3 radians. The interior 
walls of the plenum chamber were lined with sound-absorbing material to produce a nearly 
anechoic noise field. A schematic of the plenum microphone arrangement is shown in Fig- 
ure 4. All data were recorded directly on magnetic tape; the system components exhibit 
satisfactory response to at least 100 kilohertz. 

Forward radiated and aft radiated fluctuating pressure signals were measured in the annular 
passage by means of six quartz pressure transducers, Kistler Model 603 A. The pressure trans- 
ducers were mounted flush to the outer flowpath wall. Their positions are designated as Kl, 
K2, K3 at distances of 0.164, 0.088 and 0.01 1 7 meters forward of the rotor face, respectively; 
also, K4, K5, K6 at 0.140, 0.189 and 0.248 meters downstream of the rotor face (hence, 
downstream of the stator), 

Transducer signals were routed through cables to a high frequency, low level noise data re- 
cording console which includes power supplies, signal conditioning equipment, calibration 
equipment, and a magnetic tape recorder. All noise signals were preserved on magnetic tape 
for future analysis; however, analysis of some data was performed “on line”. 
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Figure 2 Axial Station Number Designation and Location of Instrumentation 
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TRAVERSE 



Figure 4 Plenum Microphone Location 

The double-pass schlieren system, shown in Figure 5, was designed to allow visualization of 
the flow in the annular passage. The schlieren mirror is a 0.305 meter (12-inch) dia. f4 para- 
boloid. Both the light source and the knife edge are on the optical axis of the paraboloid; 
consequently, the system tends to be free of aberration. Only a 0,15 by 0.05 meter off-axis 
portion of the mirror is utilized for the test beam so that the effective angular aperture of the 
system is f8 in the plane of the long axis of the rectangle. 

The test beam passes through a corresponding rectangular window in the outer wall of the 
inlet annulus (Figure 6) and radially through the test section. This window is 0.15 meter 
long by 0.05 meter wide, located just upstream of the rotor face. The three Kistler probes 
(K1 , K2 and K3) just cover the region of this window (at a different circumferential station), 

A mirror on the inner wall of the annulus reflects the beam back to the schlieren mirror pro- 
ducing a double-pass system. Be *> the window and mirror are high-quality , optical flats. 
They do not conform to the radius of curvature of the annulus walls but the flats depart 
less than 50 microns from the actual wall shape. A smooth transition from the flat to curved 
wall surface is used; therefore, this small difference is not expected to produce any signifi- 
cant disturbances in the flow field or in the resulting schlieren pictures. The return beam 
is intercepted by a beam splitter and directed toward the knife edge where the schlieren 
field is recorded with a 70mm camera placed behind the knife edge. The flow test region 
is imaged on the camera film plane. The light source., knife edge positioner, and cameras 
can all be remotely operated. To facilitate knife edge alignment, the schlieren field can 
be viewed on a video monitor while the knife edge is being positioned. 

: '' v . /■' ' ■■ ■JJ 
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Figure 5 Double Pass Schlieren System 
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Figure 6 Port for Schlieren Photography Showing Rotor Blades (XPN-19922) 

The light consists of two sources; first, a continuous mercury arc source for alignment and 
second, a pulsed-source for taking schlieren photographs of the high-speed flow. The pulse 
duration is 0.5 microsecond. A solenoid-operated mirror is used to select one or the other 
for illumination of the schlieren system. 

The knife edge positioning assembly permits the knife edge to be remotely positioned axially 
and transverse to the optical axis. It also includes a solenoid-actuated “flip” mirror which in- 
tercepts the beam when it is desired to view the field on a closed-circuit TV monitor. 

The camera film advance can be operated remotely, allowing many schlieren photographs to 
be taken without entering the test stand. 

A similar rig window and mirror are situated downstream of the rotor over three elements of 
the stator vane array, to permit schlieren studies of the interaction of the rotor wake with the 
stator vanes. These were not used during the present program. 

C. TEST PROCEDURE 

The 60 percent design speed condition was chosen for this test on the basis that the relative 
inlet Mach number would be approximately unity or slightly supersonic, so that very weak up- 
stream shock waves might be expected. The 67 percent design speed condition was chosen 
as an appropriate increment to the 60 percent condition, whereby shocks of slightly greater 
strength would be provided. The operating points on each speed line were chosen to cover 
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the operating range between wide-open discharge throttle (minimum blade loading) and the 
throttle setting for maximum pressure rise compatible with reasonable blade stresses. In the 
low-speed case* this maximum throttle setting just avoided a stall instability; at the higher 
speed, high buffetting stresses provided the limit. 

In addition to the contractually required performance and acoustic measurements made dur- 
ing the sponsored program, measurements were made of fluctuations in wall sta tic pressure 
upstream and downstream of the rotor. Also, schlieren photographs of the upstream shock 
system were made at conditions corresponding to certain operating points on the higher 
speed line, 

D. DATA ANALYSIS 

Compressor performance details are obtained by input of certain test data into a standard 
Pratt & Whitney Aircraft streamline analysis computer program. This program requires the 
compressor inlet, rotor exit, and stator exit conditions to analyze a single-stage compressor. 
For this study, inlet conditions are assumed to be uniform and equal to the plenum values. 
The rotor exit span wise distribution of total pressure is taken as the peak value of the cir- 
cumferential values obtained by, the stator exit wake rake in each of its radial positions. The 
rotor exit span wise distribution of total temperature is taken as the mass average of the stator 
exit wake rake in each of its positions. The stator exit span wise distribution of total pressure 
is taken as the mass average value of the wake rake at each radial position. To complete the 
definition of the system, a stator exit angle is required. This angle was not measured; instead, 
pure axial flow is assumed corresponding to the design value, This assumption is quite com- 
mon and causes only slight error if it is within 0.1 5 radian of the true value. 

The streamline analysis program also has provisions for the input of a blockage factor to ac- 
count for boundary layer effects upon the flow area, An axial distribution of blockage was 
derived from an analytical model. Static pressures measured during the test indicated that 
the calculated amount of blockage is quite accurate, * 

The noise measured at the plenum microphones was reduced to a set of 64 Hz bandwidth 
spectra as presented in Appendix 4. These spectra are presented in the form of plots of 
sound pressure level versus frequency over a range of zero to 40,000 Hz. For convenience, 
five types of noise are distinguished - discrete tone noise at blade passage frequency, combi- 
nation tone noise, broadband noise in the lower frequency range, broadband noise in the 
higher frequency range, and noise due to a “haystack” in the 10 - 1 2 KHz range, The noise 
was separated into these types so that different generation mechanisms could be considered. 
The sound pressure level associated with each type of noise was obtained from each spectrum 
by reading the level which seemed to be representative of the given noise type. Figure 7 is an 
example of how a typical spectrum was processed. The level of the blade passage frequency 
tone was read directly from the plot. The levels of the low frequency and high frequency 
broadband noise were chosen by constructing a straight horizontal line through the lower- 
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most part of the plot in the appropriate frequency range. The level of the haystack noise 
was chosen as the peak level of a smooth curve drawn through the haystack. A combination 
tone noise figure could have been found by logarithmically summing the level of each individ- 
ual tone, but a simpler method was to take the overall sound pressure level in the frequency 
band between 1 KHz and 9 KHz since combination tone dominates in this range. The repre- 
sentative level of each type of noise is shown on the typical spectrum in Figure 7 with the 
exception of the combination tone noise which was obtained electronically as just described. 
For purposes of comparing with performance parameters, the sound pressure level data from 
the five plenum microphones was reduced to a sound power level for each type of noise and 
for every condition by means of a numerical spacral integration. 



Figure 7 Typical Spectrum 
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IV. RESULTS AND DISCUSSION 
A. RIG AERODYNAMIC PERFORMANCE 

The characteristic performance curves at the two speeds at which noise measurements were 
made are shown in Figure 8. The test conditions of constant speed are designated 01 , 02, 
etc,, starting with wide-open discharge and proceeding toward stall. It is, therefore, con- 
venient to desgnate test conditions at 60-01 , 60-02, etc., and 67-01 , 67-02 etc., along the 
two speed lines. Since certain of the aerodynamic parameters (D-factor, for example) are 
virtually independent of speed along an engine operating line or constant discharge throttle 
setting, three such lines are sketched on Figure 8. These lines are chosen so that a rough 
equivalence at constant throttle setting exists between 60-01 and 67-01, 60-02 and 67-03, 
also 60-03 and 67-05. The closest approach to stall is offered by conditions 60-04 and 60-05. 



Figure 8 Overall Stage Performance 

As explained in Section III, the span wise uniformity of the flow is important to correlation 
of acoustic properties with aerodynamics. Examination of the blade element aerodynamic 
data tabulated in Appendix 3 shows good uniformity of the rotor relative inlet Mach number, 
which exhibits a spanwise variation less than ten percent at all points and varies only slightly 
along each speed line. The increase in rotor relative inlet Mach number between the two 
speed lines is also about ten percent, so that the spanwise average may be considered to in- 
crease by 0.1 between the 60 percent and 67 percent speed conditions, Likewise, good uni- 
formity in aerodynamic loading has been achieved, With the exception of the inner 15 percent 
of blade span. 
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B. SCHLIEREN PHOTOGRAPHY AND UNSTEADY WALL PRESSURE MEASURE- 
MENTS 

During the general period of shakedown testing of the rig (and apart from the tests con- 
ducted under this contract) the provisions for schlieren photography and for unsteady wall 
pressure measurements described previously in Section IIIB were checked out for a limited 
number of operating conditions. Certain of the results which are pertinent to the present 
program are presented in this report as a convenience. In particular, examples of the 
schlieren photography are shown in Figure 9, and typical wave forms of the unsteady wall 
pressure traces are shown in Figures 10 through 13. 

The exposure time (0,5 microsecond) is apparently quite satisfactory to avoid blurring of tTe 
shocks. The principal noteworthy features are: 

• The sharp delineation of each shock indicates that its pb ne is substantially radial. 

It does not exhibit any of the distortion which might accompany spanwise varia- 
tions in shock strength or flow velocity. The double image is due to distortion of 
the optical system by rig deflection during the test; this has since been corrected 
for subsequent tests. 

• Close inspection of the schlieren photograph for the 67-05 condition shows cir- 
cular traces which may be interpreted as pressure pulses caused by successive inter- 
action of some convecting disturbance (possibly an isolated turbulence vortex 
carried by the stream) with the shocks as it is passed by them. There is also a hint 
of a background structure, possibly resulting from interaction of the boundary 
layer turbulence with the shocks. 

• The shock wave pattern is nonuniform at all points along a speed line, indicating 
the presence of combination tone noise. By comparison, the pattern at 95 percent 
of design speed shows significantly more nonuniformity and indeed, the measured 
combination tone was significantly higher. This pattern was photographed during 
supplementary shakedown running at speeds above those of the contracted program 

The fluctuating wall pressures at stations K1 and K2 show wave forms which exhibit more 
complexity than the schlieren photographs. The spacing between consecutive shocks (sharp 
pressure rises) appears much more variable, in accordance with the schlieren photos for very 
high speeds. 

For discussion of the role of shock/turbulence interaction in broadband noise production, a 
measure of the shock strength at upstream locations is needed. Pressure measurements taken 
a half-chord upstream of the rotor indicate small pressure rises across the discontinuities (cor- 
responding to shock Mach numbers of 1 .045 and 1.060) at the two speeds. The strength of 
the discontinuities does not vary appreciably as pressure is increased at either speed. How- 
ever, when we consider the furthest upstream station, their strength doubles as both speed 
and back pressure are increased over the range used in the present study. 


14 


PAGE NO. 



PWA-44 1 1 



THREE BACK 
A) PRESSURE 
CONDITIONS 
AT 67% SPEED 
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Figure 9 Effect on Shock System of Pressure Ratio and Speed 
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Figure 1 0 Pressure Waveforms Upstream of Rotor 
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Figure 1 1 Pressure Wavejorms Downstream of Rotor 
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Figure 12 Pressure Waveforms Upstream of Kotor 
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Figure 13 Pressure Waveforms Downstream of Rotor 
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The N-shaped waveform at the K3 position, close to the rotor face, deserves comment. Very 
close to the rotor leading edge, the expansion region which follows the bow wave does not 
occupy the entire interval prior to arrival of the next bow wave shock, so that the waveform 
is a spike followed by a constant pressure interval. With increasing distance upstream of the 
rotor, the expansion region spreads to fill the interval and thus creates an N-shaped wave, 

This has occurred prior to the K3 station, whereas similar locations (in terms of rotor chord 
lengths) on other fans show a slower development. The explanation is not known, but may 
lie in greater uniformity of flow in the present test compressor. 

C. PRINCIPAL NOISE FEATURES 

As explained in Section HID, the spectral content of the noise picked up by the microphones 
in the inlet plenum can be categorized into five types: low frequency broadband, high fre- 
quency broadband, blade passage frequency, combination tone, and “haystack”. Each is as- 
signed a sound pressure level, and the weighted average of the contributions from the five 
fixed plenum microphones provides a sound power level for each noise type at every test 
condition. 

Low Frequency Broadband Noise 

Broadband noise levels in the low and the high frequency ranges were taken from the 64 Hz 
bandwidth spectra (Appendix 4) and inlet sound power level was calculated by the method 
described in Section IIID. 

Figure 14 shows the sound pressure level of the low frequency broadband noise as a function 
of microphone angle for every operating point. This figure indicates the relative level and 
directivity pattern for each compressor operating point. The general rise in broadband sound 
pressure level as stall is approached at constant speed is clearly evident. The two stalled con- 
ditions, 60-04 and 60-05, show a significantly higher broadband sound pressure level. There 
is little change in noise with speed for equivalent throttle settings. 

Aerodynamic performance parameters suitable for correlation with sound pressure and power 
levels of each noise type were chosen to identify the mechanisms of noise origin (an extensive 
discussion of the various mechanisms is given in Reference 2), Broadband noise may arise 
from random pressure fluctuations on airfoils as a consequence of boundary layer separation 
on the airfoils and so be related to aerodynamic loading (D-factor). It may also arise from 
blade interaction with external turbulence (wall boundary layer or free stream turbulence). 
While the airfoil D-factor is available as a measure of the approach to separation, that of the 
wall boundary layer is not available. However, the effect of the blade on the wall boundary 
layer may be estimated from the Ap/q parameter (not listed in Appendix 3); values of this 
parameter are as follows: 


Condition 

01 

02 

03 

04 

05 

Ap/q at 60% speed 

.10 

.24 

.26 

.25 

'-M 

.A*1 

Ap/q at 67% speed 

.10 

.17 

.21 

.26 

.26 
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None of these values are large, so that the wall boundary layer is not likely to separate due 
to blade passage, 



ANGLE ~ RADIANS 


Figure 14 Low Frequency Broadband Noise 



Broadband noise may also arise by interaction of the shock system upstream of the rotor 
with turbulence, either in the free stream or in the wall boundary layer. For the range of 
variables explored in the present tests, Reference 1 shows the noise level to be more strongly 
dependent on turbulence intensity and relative rotor inlet Mach number than on the shock 
strength (component of relative Mach number perpendicular to the shock). There is no avail- 
able measure of the turbulence intensity in the passage, but there appears little reason to ex- 
pect it to change with the test parameters. The rotor relative inlet Mach number (see Appen- 
dix 3) varies sharply between the speed lines (1.01 and 1.12 respectively at the tip), but re- 
mains nearly constant with rising back pressure. 

The general rise in sound pressure level observed in Figure 14 is not consistent with this 
mechanism, and it appears more likely that the broadband noise is associated with increas- 
ing turbulence generated either by the approach to stall of the rotor blades or by the wall 
boundary layer interacting with the blade tip. 

In order to correlate the noise data with performance parameters, the sound power level was 
plotted versus mean rotor diffusion factor (D factor) as shown in Figure 15. The good cor- 
relation between acoustic and aerodynamic parameters is evident. 
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Figure 15 

Low Frequency Broadband Noise 
Versus D Factor 


High Frequency Broadband Noise 

The procedure described above was repeated for the high frequency broadband noise. Fi- 
gure 1 6 shows the sound pressure level as a function of microphone angle for each operating 
point. Figure 17 shows the correlation of high frequency broadband noise with mean rotor 
diffusion factor* As with the low frequency broadband noise, the sound pressure level ap- 
pears closely dependent upon D-faetor. 
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67*02 
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Figure 1 6 High Frequency Broadband Noise 
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Figure 17 

High Frequency Broadband Noise 

Versus D Factor 


Blade Passage Frequency Noise 

The blade passage frequency tone levels as taken from the spectra are shown in Figure 1 8 as 
a function of microphone angle for each operating point. This data was also reduced to 
sound power level and plotted versus D-factor as shown in Figure 1 9. The blade passage fre- 
quency noise is independent of this parameter at the speeds investigated. 
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Figure 18 Blade Passage Frequency Noise 
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Figure 19 

Blade Passage Frequency Noise 

Versus D-Factor 


The blade passage frequency noise is usually ascribed to interaction of the viscous wakes of 
the blades with, the vanes. However, it is also caused by the interaction of blades with turbu- 
lence (an essential accompaniment to the broadband mechanism mentioned above) so that 
turbulence intensity and the condition of the wall boundary layer may influence its level. 

Combination Tone Noise 

The combination tone noise data for each supersonic operating point was taken to be the over- 
all sound pressure level in the frequency band between lKHz and 9 KHz, This data is shown 
in Figure 20 as a function of microphone angle. Since no combination tone noise was observed 
in the plenum at the lower speed, only the conditions along the 67 percent speed line are repre- 
sented. 



ANGLE ~ RADIANS 


Figure 20 Combination Tone Noise 
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The combination tone noise is the result of individual differences between blade passages 
which result in lack of uniform spacing and strength of the decayed shock system upstream 
of the rotor (Reference 3). Proper physical interpretation requires use of the auxiliary wall 
pressure fluctuations and schlieren measurements made in the non-con Iractual studies. 

To cheek the dependence of combination tone noise on operating point the sound pressure 
level was reduced to sound power level and plotted versus total pressure ratio as shown in 
Figure 21. The slight upward trend is not really significant. The combination tone level is 
essentially constant throughout. 
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Figure 21 

Combination Tom Noise 
Versus To tal Pressure Ratio 
(67% Speed) 

“Haystack” Noise 

i 

The “haystack” noise, observed occasionally during engine and fan rig tests, is not yet under- 
stood, and the mechanism is merely speculative. It was identified in Figure 7 as the hump 
in the spectrum at frequencies around 12 KHz. A possible aerodynamic mechanism produc- 
jing the haystack noise is the interaction between turbulent eddies in the wall boundary layer 
and the rotating blades. If the wall boundary layer is in the transitional range between lami- 
nar and turbulent, the turbulent eddies are just forming and will provide a peaked spectrum 
in contrast to the normal spectrum of a fully turbulent layer. The maximum in the energy 
'spectrum for transitional boundary layers occurs at a frequency proportional to the stream 
velocity divided by the boundary layer thickness; the coefficient of proportionality is the 
Strouhal number, ranging from 0.5 to 1.0 (see page 469 of Reference 4), 

If the boundary layer oscillations which develop into turbulent eddies are sufficiently coher- 
ent circumferentially (transverse to their direction of propagation), the eddies will also be co- 
herent. This frequency, with which each blade encounters an eddy , will thus correspond to 
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the Strouhai frequency. The unsteady lift on each blade resulting from this interaction will, 
in turn, result in noise emitted from the blades, which contains a spectral peak at the Strou- 
hai frequency. 

This mechanism suggests a correlation with D-factor and with wall boundary layer condition. 
No modifications to the wail boundary layers were made and no traverses were taken, since 
this was bey ond the scope of the present contract. 

Figure 22 shows the experimental variation in the peak or mean frequency of the hump ver- 
sus axial velocity entering the compressor. It may be seen that the frequency is directly 
proportional to upstream velocity. This agrees with the hypothesis outlined above if the up- 
stream duct boundary layer thickness remains constant. With a theoretically calculated boun- 
dary layer thickness of about .0046 meter, a Strouhai number of 0,5 will give the straight 
line shown in Figure 22. In actuality, the boundary layer thickness varies slightly with the 
stream velocity, so the straight line shown is not a precise representation of constant Strou- 
hai number. Qualitatively, however, it may be concluded that the eddy-blade interaction 
phenomenon may indeed be responsible for the observed hump in the spectra. 
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Figures 23 and 24 show that, as the blade loading increases, the haystack noise also increases. 
An explanation for this (which is consistent with the eddy-blade interaction concept discussed 
above) is that increased blade loading is accompanied by a higher blade angle of attack, Thus, 
for the high-loading case, the eddies enter the rotor with a fairly large component normal to 
the blade, resulting in higher lift fluctuations and more noise. 
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V. CONCLUSIONS AND RECOMMENDATIONS 
A. CONCLUSIONS 

1 . The test vehicle showed satisfactory uniformity of aerodynamic conditions, and the 
plenum spectra exhibited the same acoustic phenomena as engines or test fans. Schliercn 
and fluctuating wall pressure measurements were successful and constituted valuable ad- 
juncts to the plenum microphones in the interpretation of both acoustic and aerodyna- 
mic data. 

2. Compressor broadband noise which forms the continuous base of the acoustic spectrum 
can arise from a variety of sources, From the completed exploratory program, it is only 
possible to draw some general conclusions and to hypothesize on the possible noise mech- 
anisms, 

♦ 

Broadband noise correlated well with blade loading as measured by D factor. Prominent 
among the mechanisms which depend on blade loading is unsteady blade lift associated 
with fluctuating blade boundary layer and vortex shedding. Another loading-dependent 
mechanism is the tip interaction with wall boundary layers having significant streamwise 
velocity fluctuations. It is difficult to determine which mechanism dominates, due to 
the limited testing carried out under this program. 

A mechanism involving shock-turbulence interaction was specifically examined as a pos- 
sible source of broadband noise. At the relatively low supersonic speeds used here, this 
mechanism was found to play no discernable role in contributing to the broadband noise. 

3. The blade passage frequency noise consists of a single tone and its harmonics, caused 
both by the propagation of the direct rotor field and by interaction of the rotating 
system (blades, wakes and attached shocks) with the non-rotating system (vanes, wall 
boundary layer, and nonuniformities of inflow). This noise increased slightly with blade 
loading at the lower speed but decreased at the higher speed, both variations remaining 
within reasonable bounds of experimental accuracy. Further exploration would be re- 
quired to verify the systematic nature of these variations and to identify competing 
mechanisms, especially in view of the changing nature of acoustic propagation in the 
duct at near-sonic tip speeds. 

4. The multiple harmonics of rotational frequency which appear in the noise spectrum at 
supersonic fan tip speeds are referred to as combination tone noise. These are ascribed 
to the deviations of individual blades from complete uniformity. In the present tests, 
these multiple harmonics were present in the duct pressure fluctuations at both speeds 
but appeared in the plenum noise spectra only at the higher speed. No significant 
change with operating conditions was evident. 

5. A broad peak at 1 0-1 2 KHz was observed in the plenum spectra and termed “haystack” 
noise. Its amplitude increased with blade loading and speed, and its frequency increased 
proportionally with inlet velocity. This peak has also been observed in noise spectra 
of certain engines and test ftms. A hypothesis is presented, ascribing this noise to rotor 
blade interaction with the wail boundary layer. 
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B, RECOMMENDATIONS 

This test compressor provides a unique capability to explore aerodynamic noise mechanisms 
characteristic of engine and fan operation. This uniqueness lies in the spanwise uniformity of 
aerodynamic conditions even in the off-design operation, ir< the simplicity of the constant- 
annulus passage upstream and downstream of the rotor, and in the availability of optical and 
unsteady pressure instrumentation to supplement plenum noise measurements and steady 
performance data. Future programs should cover a much greater speed range than the one 
reported here and should exploit the capabilities for making these additional revealing mea- 
surements, Suggested specific topics for investigation include: 

1 . Modification of inlet boundary layer turbulence and its effect on reducing the “haystack” 
noise, 

2. Exploration of the effects of inlet distortion and turbulence, and boundary layer modi- 
fications upon compressor broadband noise. Boundary layer suction is a design feature 
of the compressor. 

3. Studies of the propagation of the blade-attached shock field causing combination tone 
noise in an essentially two-dimensional duct, 
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APPENDIX 1 

PERFORMANCE PARAMETERS 
a) Relative total temperature 



b) 


c) 


d) 
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Incidence angle based on mean camber line 
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Diffusion factor 

V ' 8 r 8 v 08 " r 7 v 07 
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e) Loss coefficient 
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f) Loss parameter 
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g) Polytropic efficiency 
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h) Adiabatic efficiency 



(rotor) 


(stator) 
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A 

c 

D 

dB 

f 

8c 

*m 

is 

M 

N 

P 

AP 

P 

r 

R 

S 

SPL 

T 

t 

t/c 


APPENDIX 2 
SYMBOLS 


— area, m 2 (ft 2 ) 


chord length, m (in) 
diffusion factor 
decibel 
frequency, Hz 

. * Kg-m lbs ft 

conversion factor, (32.17 ) 

N - sec 2 lb sec 2 

incidence angle, angle between inlet air direction and line tangent to blade 
mean camber line at leading edge, radians (degrees) 

incidence angle, angle between inlet air direction and line tangent to blade 
suction surface at leading edge, radians (degrees) 

Mach number 

rotor speed, rpm - also Newton, Kg - m/sec 2 

total pressure, N/sqm (psf) 

pressure rise (P^/? 0 -l) 

static pressure, N/sqm (psf) 

radius, m (in) 

gas constant for air, °K ( ^ °R) 

kg lbm 

blade spacing, m (in) 

sound pressure level (dB, 0.0002 dyne/cm 2 ) 
total temperature, °K (°R) 
static temperature, °K (°R) 


thickness-to-chord ratio 
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SYMBOLS (Cont’d) 


U 

v 

Vm 

W 

fi 

P' 

7 

A0 

A/3 * 

8 

8 ° 

€ — 

V 

9 

P 

a ■ ' *-*' 

W - 

co — 

Superscripts: 


rotor speed, m/sec (ft/sec) 

air velocity, m/sec (ft/sec) 

meridional velocity (Vr 2 + Vz 2 )^ , m/sec (ft/sec) 

weiglxt flow, Kg/sec (lbs/sec) 

absolute air angle, cot' 1 (Vm/V0), radians (degrees) 

relative air angle, cot (Vm/0 '), radians (degrees) 

ratio of specific heats for air, 1 .4 

air turning angle, radians (degrees) 

camber angle, radians (degrees) 

ratio of inlet total pressure to standard pressure of 1.01 x 10^ N/m 2 
(21 16 lbs/ft 2 ) 

deviation angle, angle between exit air direction and tangent to blade mean 
camber line at trailing edge, radians (degrees) 

angle between tangent to streamline projected on meridional plane and axial 
direction, radians (degrees) 

efficiency,, % 

ratio of inlet total temperature to standard temperature of 288.2°K (518.6°R) 

mass density, Kg - sec 2 /m 4 (lb-sec 2 /ft 4 ) 

solidity, ratio of chord to spacing 

total pressure loss coefficient 

angular velocity of rotor, radians/sec 


- relative to moving blades 

— designates blade metal angle 
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SYMBOLS (Cont’d) 


Subscripts: 

ad 

P 

r 

m 

sh 

ss 

z 

0 

0 

7 

8 

10 

11 

12 


adiabatic 

polytropic or profile 
radial direction 

meridional direction (in z-r plane) 
shock 

suction surface 

axial direction 

tangential direction 

plenum chamber 

station at rotor leading edge 

station at rotor trailing edge 

station at stator leading edge 

station at stator trailing edge 

instrument plane downstream of stator 
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APPENDIX 3 

BLADE ELEMENT AND OVERALL AERODYNAMIC PERFORMANCE 


BLADE-ELEMENT AND OVERALL AERODYNAMIC PERFORMANCE 
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BLADE-ELEMENT AND OVERALL PERFORMANCE 
60 PERCENT SPEED, POINT NUMBER 02 , SI UNITS 
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TABLE 3-III (Cont’d) 

BLADE-ELEMENT AND OVERALL PERFORMANCE 
60 PERCENT SPEED, POINT NUMBER 02, ENGLISH UNITS 
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TABLE 3-IV 

BLADE-ELEMENT AND OVERALL PERFORMANCE 
60 PERCENT SPEED, POINT NUMBER 03, SI UNITS 


PRATT & WMITNKY AIRCRAFT 
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BLADE-ELEMENT AND OVERALL PERFORMANCE 
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TABLE 3-V (Cont’d) 

BLADE-ELEMENT AND OVERALL PERFORMANCE 
60 PERCENT SPEED, POINT NUMBER 04, ENGLISH UNITS 
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BLADE-ELEMENT AND OVERALL PERFORMANCE 
67 PERCENT SPEED, POINT NUMBER 01, SI UNITS 


PRATT A WHiTNEY AIRCRAFT 
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- . TABLE 3-VII (Cont’d) 

BLADE-ELEMENT AND OVERALL PERFORMANCE 
67 PERCENT SPEED, POINT NUMBER 01 , ENGLISH UNITS 
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BLADE-ELEMENT AND OVERALL PERFORMANCE 
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TABLE 3-X (Cont’d) 

BLADE-ELEMENT AND OVERALL PERFORMANCE 
67 PERCENT SPEED, POINT NUMBER 04, ENGLISH UNITS 
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PRATT * WHITNEY AIRCRAFT 
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TABLE 3-XI (Cont’d) 

BLADE-ELEMENT AND OVERALL PERFORMANCE 
67 PERCENT SPEED, POINT NUMBER 05, ENGLISH UNITS 
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Figure 4- 1 Plenum Microphones at 0. 0 Radians ( 0°), Position, Corrected Rotor Speed 9600 RPM 
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Figure 4- 2 Plenum Microphones at 0. 26 Radians ( 15°) Position, Corrected Rotor Speed 9600 RPM 
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Figure 4-3 





FREQUENCY - KHz 


CONDITION 


6001 


6002 


60-03 


60-04 


60-05 


Plenum Microphone s at 0.52 Radians (3(f ) Position, Corrected Rotor Speed 9600 RPM 
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Figure 4-6 Plenum Microphones at 0 Radians ( 0°) Position, Corrected Rotor Speed 10, 720 RPM 
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Figure 4-7 Plenum Microphones at 0.26 Radians (15°) Position, Corrected Rotor Speed 10, 720 RPM 
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Figure 4-8 
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Plenum Microphones at 0.52 Radians (30°) Position. Corrected Rotor Speed 10. 720 RPM 
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Figure 4-9 Plenum Microphones a t 0. 78 Radians (45°) Position, Corrected Rotor Speed 10, 720 RPM 
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